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Introduction
out of the module and condensed externally in the vacuum and sweeping gas configurations. In the air gap membrane distillation configuration (AGMD), condensation occurs inside the module, within an air gap 153 between the membrane and the condensing surface. The feed water acts as the coolant enabling direct heat 154 recovery within the module [9, 10] . This eliminates the external heat exchanger that needs to be used in the 155 case of DCMD to transfer the energy from the pure water leaving the MD module to the incoming feed. 156 The energy efficiency of a single stage vacuum MD system is low, necessitating multi-staging for per-
whereṁ p is the rate of permeate production, h fg is the enthalpy of evaporation andQ h is the power input 211 in the heater. GOR is the inverse of specific thermal energy consumption times the enthalpy of vaporization 212 of water. A higher value of GOR corresponds to a lower thermal energy consumption per unit mass of 213 distillate. A value of 1 corresponds to a system with no losses and no condensation energy recovery. In 214 practice, multiple energy losses occur, such as the disposal of hot brine or heat conduction through the walls 215 of the system, and so a system without condensation energy recovery would have GOR much lower than for the DCMD module. The feed and cold stream input flow rates were also set to be equal in this study, 226 and hence there is scope for improvement by balancing the DCMD operation. Over the range of membrane permeability considered, they found that the maximum GOR varies from about 233 1.5-10. 234 He et al. [25] and Geng et al. [ 
where A is the area of membrane in m 2 and ρ is the density of the feed stream in kg/L. 245 6 DCMD has the highest flux, and AGMD has much lower flux, for coupon scale experiments. A coupon 246 sized experiment is where the hot and cold stream temperatures do not change significantly along the flow 247 direction between the entrance and exit of the module. As a result, lower mass transfer resistance in DCMD 248 directly corresponds to a higher flux.
249
While the flux in coupon sized experiments can be higher than 100 LMH, in a real MD system with heat 250 regeneration, the driving temperature difference across the membrane is lower and hence fluxes are more 251 modest at about 5 LMH.
252
The trade-off between flux and GOR was recognized for hollow fiber DCMD in [23], with GOR increasing 253 with stages, but flux decreasing. Several other researchers have recognized this trade-off and some have used 254 flux vs. GOR plots to visualize the same [25, 27] .
255
Under coupon scale systems, the flux with PGMD has been shown to be higher than that of AGMD is a useful upper limit to consider. Formally, η may be defined as follows:
where,Q mass is the heat transfer rate associated with vapor transport through the membrane, which can be 277 evaluated as the area weighted sum of the heat flux (q) as:
where the integral is evaluated over the total area of the membrane. The heat flux at any local section along 279 the length of the module is a function of the membrane permeability (B) and vapor pressure difference across 280 the membrane (∆p vap ), given by:
Similarly,Q cond refers to the conduction heat transfer rate through the membrane and is based on the local heat conduction flux given byq
where k m is the effective conductivity of the membrane, δ m is the thickness of the membrane and T f,m and 282 T g,m are the temperatures at the feed-membrane and gap-membrane surfaces.
283
Membrane design should focus on increasing porosity and reducing membrane material conductivity to achieve high η [30] . There are clear differences in η between various MD configurations. DCMD has the 285 lowest η among MD configurations. The presence of the additional air layer, with a much lower conductivity, 286 leads to a larger η in the case of AGMD. Although the overall effective permeability and hence flux is lower in 287 the case of AGMD, the fraction of heat transferred through conduction is also lower, leading to higher η. Ali 288 et al. [31] analyzed the effect of various membrane properties on the cost of water production from a small-289 scale MD system and found that while DCMD costs were affected by membrane conductivity and thickness,
290
AGMD was relatively unaffected. This can be explained based on the trends in η discussed previously.
291
The value of η for MD systems has often been measured in coupon sized systems with relatively high 
where ∆T MD is the axial temperature change of the feed as it flows through the MD module. This expression 301 has been used subsequently by several other investigators [22, 23] .
302
Koschikowski et al.
[45] expressed GOR of a system with internal heat regeneration, such as PGMD, AGMD, and CGMD, as a function of η in the form: stream. The specific heat capacity is relatively constant over the range of temperatures considered, so the 325 equation may be reduced to a ratio of temperature differences:
The cold stream is an ideal choice for defining ε since the mass flow rate and salinity of the cold stream 327 are constant along the length of the module (for PGMD, CGMD, and AGMD).
328
ε is therefore a measure of energy transfer between the hot and cold streams scaled by the total possible 329 energy transfer, and a value of ε = 1 corresponds to an infinite area MD heat exchanger where the cold 330 stream leaves at the hot inlet temperature and vice versa.
331
The GOR of AGMD, PGMD and CGMD can be expressed in terms of η and ε as follows:
whereQ total is the total heat transferred from the hot stream to the cold stream andQ mass is the heat 333 transfer associated with vapor transfer across the membrane. The numerical values of GOR evaluated using 334
Eqs. 1 and 10 may differ slightly based on the temperature at which h fg is evaluated in Eq. 1, since in Eq. 10 335 an average value of h fg within the module is used.
336
From Eq. 10, GOR increases non-linearly with an increase in ε, whereas the dependence on η is linear.
337
This expression will be used to understand the effect of increasing the gap conductivity in next section.
Deriving an expression for the upper limit of MD GOR
The maximum possible efficiency for MD systems can be derived from the new expression for MD GOR 340 with ε, Eq. 10, and using the limitation of boiling point elevation.
341
Mistry et al.
[48] analyzed the maximum performance limit for a general thermal desalination system 342 with heat supply from a source at T h and environment temperature T 0 by setting entropy generation equal 343 to zero as:
where g is the Gibbs energy, RR is the recovery ratio or ratio of pure product production to feed input, T amb 345 is the ambient temperature and T h is the temperature of the heat source in the heater.
346
The least heat of separation for pure water is zero [49], corresponding to a maximum achievable GOR 347 approaching ∞. At higher input salinities, the denominator increases and hence the maximum achievable 348 GOR is lower.
349
For a single stage MD system, the GOR predicted by Eq. 10 should be lower than this thermodynamic 
Equation 10 can then be rearranged as
The upper bound for GOR can therefore be expressed by substituting TTD min = BPE f,in and η = 1 as
The two functions (Eqs. 11, 14) are plotted as a function of input salinity in Fig. 2 . A recovery ratio 365 (RR) of 10.11% is used for evaluating the thermodynamic limit since that is the average recovery ratio with 0.1 (Fig. 4b) . As a result of this, the trends in terms of GOR are also affected. The energy efficiency of 409 CGMD is only 80% higher, compared to 100% higher in the previous case. Also, PGMD which was slightly 410 better than AGMD, becomes worse than AGMD under these conditions. The effect of B on the flux of the 411 various configurations at fixed channel length is shown in Fig. 6b . In AGMD, since the air-gap dominates the leading to a higher value of η.
420
The relative performance of the various configurations is also affected by the gap thickness. All results are 421 reported for an effective gap thickness of 1 mm. The effective gap thickness is often lower than the thickness 422 of the gap spacer since the membrane gets pressed into the gaps in the spacer and the spacer disrupts the 423 condensation film in AGMD. At very low gap thicknesses, the performance of PGMD overlaps with CGMD.
424
The performance of AGMD improves with decreasing gap thickness, although practically, pure water bridging 425 and flooding can start becoming significant under those conditions pushing AGMD performance closer to 426 that of PGMD at smaller gap thickness. 
Note that the mass flow rate of the cold stream varies along the length in DCMD, but ε is still defined as in 3. T c,in is greater than T 0 (ambient temperature, at which feed enters the desalination system (Fig. 1b) ) 443 for the DCMD systems considered in this study. This is because the external heat exchanger has a 444 finite TTD and no additional cooling system is used [47] . Flux decreases and energy efficiency increases 445 and with an increase in T c,in .
446
For an infinite area external HX, TTD HX = 0 • C, and therefore the GOR of DCMD with an infinite 447 external HX (GOR ∞HX DCMD ) can be written as:
and due to the higher value of ε and η for DCMD compared to a CGMD of the same size, GOR ∞HX DCMD is 449 approximately 5-10% higher than GOR CGMD . can then be rewritten as:
For a DCMD system with additional cooling (Fig. 1b) , where the cold water enters the MD module 455 at ambient temperature (T c,in = T 0 ), the equality in Eq. 17 is exact. For a DCMD system as shown in 456 Fig. 1b , where the cold pure water inlet temperature T c,in = T 0 + TTD HX , η × ε 1−ε is around 3% higher than 457 GOR ∞HX DCMD when the area of the HX is half that of the membrane, and the deviation decreases as the HX 
Effect of transport resistances

Effect of membrane permeability 483
The influence of membrane permeability (B) on system GOR for various MD configurations is shown 484 in Fig. 6 . With the development of novel higher permeability membranes, CGMD and DCMD are set to 485 gain the most, with a two times improvement in GOR associated with an order of magnitude increase in B.
486
The improvement in the case of PGMD is less significant and in the case of AGMD, the improvement with 487 increase in B is even lower. The reason for this is that the membrane constitutes the major resistance in the 488 series of resistances within the MD module, in the case of CGMD and DCMD. On the other hand, in the case 489 of PGMD and AGMD, the gap constitutes the major resistance (Fig. 7) , leading to lower improvements with 490 a more permeable membrane. Figure 6b shows the variation in flux with changes in membrane permeability.
491
The increase in flux is more significant for PGMD, CGMD and DCMD compared to the case of AGMD.
492
At lower B, these configurations have significantly lower η as shown in Fig. 4b , and hence lower flux than 493 AGMD. Larger B leads to an increase in η in these systems, leading to higher improvements in flux. 
Effect of channel heat transfer coefficients
Channel heat transfer is varied by changing the channel depth in the range of 1.5 to 0.5 mm, with higher Inspired by the ε-NTU method, η and ε are rewritten in terms of the transport resistances within the MD [24] have used a parameter similar to NTU such as the specific membrane area times a transfer coefficient.
519
The resistances in permeate and conductive gap MD include boundary layer resistance in the cold and 520 hot streams, the effective resistance of the membrane and the heat conduction resistance of the gap. As a 521 result, the overal heat transfer coefficient U can be expressed as:
where h f is the heat transfer coefficient in the feed, h c is the heat transfer coefficient in the cold channel and 523 h eff,m is the effective heat transfer coefficient of the membrane. where k m is the effective thermal conductivity of the membrane and is the weighted average of the con- 
Note that this equation is not applicable to AGMD since pure water is not in contact with the cold side of 543 the membrane in AGMD.
544
Equation 21 shows that the resistance of the membrane to mass transfer is lower at higher temperatures.
545
This is a direct result of the exponential nature of the vapor pressure dependence on temperature. In addition 546 to this, B itself is in reality temperature dependent, and is higher at higher temperatures, further reducing The ratio of heat to mass conductance km δmB is important [42] . A lower value of this fraction leads 551 to a higher η. Therefore, the thermal efficiency is very sensitive to this parameter. Additionally, a higher 552 temperature on the hot or cold side would lead to a higher η as has been reported by most researchers in the 553 past. Finally, a larger feed salinity leading to higher BPE results in a lower value of η. Under this condition, 554 it is important to keep ∆T m much larger than BPE. This is the reason why Eykens et al. [43] found that 555 at higher feed salinities in the DCMD configuration, thicker membranes with lower transfer coefficient have 556 better thermal performance.
557
The average temperature difference across the membrane, ∆T m , is an unknown in Eqs. 23, 21. It can be 558 related to the TTD of the MD system, as a function of the heat transfer resistance offered by the membrane 559 1 h eff,m and the overall resistance 1 U as:
where, TTD itself is a function of ε and the exchanger top and bottom temperatures:
and hence, these equations are solved iteratively.
562
Equations 22 and 23 can be substituted into Eq. 10 to evaluate GOR. Additionally, heat transfer rate 
